Abstract -Multilevel modulation formats are used as the enabling technology to obtain 120 Gbit/s per channel bit rates, and 240 Gbit/s when polarisation multiplexing is added. Using OTDM, this can be extended even further.
I. Introduction
The use of multilevel modulation formats is an effective way to increase the bit rate of optical communication systems. Many experiments in the recent years have demonstrated that multilevel modulation formats offer many benefits compared to binary modulation at the same bit rate. The benefits include the use of low-bandwidth electrical generation and reception equipment, enhanced tolerance towards chromatic dispersion and polarisation mode dispersion, and enhanced spectral efficiency in wavelength division multiplexing (WDM) systems.
By combining phase and amplitude modulation, even higher bit rates can be obtained. Already in 2003, Liu, et al. demonstrated the combination of differential binary phase shift keying (DBPSK) and amplitude shift keying (ASK) at 10 Gbaud [1] . Since then, a number of experiments at higher symbol rates have extended the maximum per channel bit rate. Furthermore, the bit rate per wavelength can be doubled by transmitting two modulated signals with orthogonal polarisations (PolMUX).
In this article, we present several experiments on multilevel modulation formats to obtain bit rates above what is obtainable by using binary transmitters. We present a demonstration of 240 Gbit/s per channel bit rate obtained by combining differential quadrature phase shift keying (DQPSK), ASK and PolMUX. It is clearly demonstrated that multilevel modulation is an efficient method to increase the bit rate of optical communication systems.
II. Multilevel Modulation Formats
Multi-level modulation formats allow realisation of transmission links at higher bit rates than available from binary formats. Even when using state of the art electronics the bit rate can be doubled or even tripled by using quaternary or 8-ary modulation formats operating at the same symbol rate.
Several experiments using DQPSK have demonstrated bit rates of 80 Gbit/s to 100 Gbit/s [2, 3] . We further applied an additional ASK modulation to the DQPSK in order to create an 8-ary modulation at a symbol rate of 40 Gbaud, and thus generate a 120 Gbit/s signal using only commercially available electronics.
As illustrated in Figure 1 , the signal was generated by a concatenation of four modulators, one Mach-Zehnder modulator (MZM) for pulse carving, one MZM for ASK modulation, one MZM for DBPSK modulation and finally one phase modulator for DQPSK modulation [4] . With three bits per symbol, the resulting bit rate of the RZ-DQPSK-ASK signal was then 120 Gbit/s. By further applying Pol-MUX, the bit rate was doubled to 240 Gbit/s.
When combining amplitude modulation and phase modulation, the amplitude extinction ratio is a trade-off between good eye opening for the amplitude signal and good eye opening for the demodulated phase signal. We found that an extinction ratio of 4.5 dB resulted in optimum performance for the system as a whole, significantly lower than the theoretical value due to amplitude jitter on the driving signals [4] .
In the pre-amplified receiver, the signal was split into two branches, one for detection of the phase modulation and one for ASK detection. The ASK signal was directly received by a 50 GHz photodetector, while the phase information was demodulated using a one-symbol delay interferometer followed by a 45 GHz balanced photodetector.
As seen in Figure 3 (a) the width of the optical power spectrum is exactly the same for 120 Gbit/s RZ-DQPSK-ASK and for 40 Gbit/s DBPSK. Thus we can increase the bit rate by a factor of three (six with PolMUX) without increasing the spectral width.
The receiver sensitivity is illustrated in Figure 3 (b). Compared to the sensitivity of the pure 80 Gbit/s RZ-DQPSK, the additional amplitude modulation caused a power penalty of 10 dB, which is primarily caused by the low extinction ratio of the ASK signal, and the resulting distortions on the demodulated DQPSK eye.
Next we transmitted the signal over a 50 km fibre span, and measured the bit error rate (BER) performance, as shown in Figure 3 (b). There was no power penalty induced by the transmission, and no penalty from the polarisation multiplexing. Polarisation multiplexing is a rather simple method to double the bit rate of an optical communication system. The two states of polarisations are used as independent channels, and the fibre bandwidth is thus doubled. However, it is necessary to track any changes to the state of polarisation of the incoming signal in order to maintain good polarisation demultiplexing. This can easily be implemented in the laboratory, but is more challenging in real systems. Furthermore, polarisation mode dispersion (PMD) will significatively degrade a polarisation multiplexed signal.
III. OTDM and Multilevel Modulation
One of the more promising approaches to obtain ultrahigh per channel bit rates is to combine optical time division multiplexing (OTDM) with multilevel modulation formats. We demonstrated this in an early experiment, where DBPSK was combined with ASK in order to transmit two bits for every OTDM symbol, thus doubling the bit rate [5] .
DBPSK and ASK modulation, both at 10 Gbit/s was added to a 10 GHz pulse train with a pulse width of 1.5 ps. This 20 Gbit/s RZ-DBPSK-ASK signal was then optically multiplexed to a 160 Gbit/s OTDM signal. In the receiver, the signal was demultiplexed back down to the base symbol rate of 10 Gbaud using a non-linear optical loop mirror, and the DBPSK and ASK tributaries were detected simultaneously. Eye diagrams of the received signal is shown in Figure 4 . The optimum extinction ratio of the ASK tributary was found to be 7 dB. Using multilevel modulation, we doubled the bit rate, at the cost of about 8 dB penalty compared to the binary system.
As always in DBPSK-ASK systems, both the ASK and DBPSK signal suffers from the compromised extinction ratio, but in this experiment the main limiting factor was the high timing jitter of 500 fs of the optical pulse train used to demultiplex the OTDM signal. This limited the maximum OTDM symbol rate to 80 Gbaud and thus the total bit rate to 160 Gbit/s.
IV. Summary and outlook
We have utilised multilevel modulation formats to obtain per channel bit rates higher than what is achievable from binary transmitters. By using up to three bits per symbol, a maximum bit rate of 240 Gbit/s was achieved.
Looking forward, 4 bits per symbol has been experimentally demonstrated at symbol rates of 10 Gbaud [6, 7] . Furthermore, it has been demonstrated that the combination of multilevel modulation formats and OTDM can be extended to several Tbit/s. In [8] , OTDM, DQPSK and Pol-MUX were combined to generate a 2.56 Tbit/s signal with a 640 Gbaud symbol rate. It is clear that multilevel modulation formats are a key enabling technology for ultra-high per channel bit rates.
